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ABSTRACT 

Prostate cancer (PCa) is a significant global health issue, ranking second in cancer diagnoses and 
is the fifth leading cause of cancer-related deaths among men worldwide. Men of African ancestry 
have disproportionately higher PCa-associated mortality rates compared to other racial groups, 
underscoring a critical health disparity that necessitates further research. Despite this, most PCa 
genome studies focus predominantly on populations of European ancestry, excluding African men 
from tailored diagnosis and treatment options. PCa progression is facilitated by altering various 
signalling and metabolic pathways including fatty acid metabolism (FAM). To support their rapid 
growth, PCa cells meet their higher energy demands primarily through the oxidative degradation 
of fatty acids. While genes involved in FAM have been extensively studied, it is not well 
understood how both germline and somatic mutations within FAM influence patient predisposition 
and PCa progression. This project sought to address this gap by investigating the impact of 
germline and somatic variants within the FAM pathway on PCa aggressiveness in men of African 
and European ancestry. Data generated from the Southern African Prostate Cancer Study (SAPCS) 
was used in this study. A total of 743 Black South African men participating in the SAPCS 
underwent whole-exome genotyping. Common variants (MAF > 0.01) in 158 FAM genes were 
tested for association with PCa (451 cases vs 292 controls) and PCa aggressiveness (203 high risk, 
ISUP 3-5, vs 461 low risk, ISUP 1-2 and controls) using logistic regression. The significant 
variants were assessed for deleterious or damaging effects using SIFT and PolyPhen. Rare 
germline and somatic variant analysis were performed on whole-genome sequencing data from 
158 treatment-naive individuals with PCa (Australia: n=53; South Africa: n=105). Rare variants 
(MAF < 0.05) were annotated with ANNOVAR, ClinVar, InterVar, and cancer genome interpreter 
as well as functional impact prediction tools (SIFT, PolyPhen, CADD, LOFTEE). The somatic 
variants were assessed for deleteriousness using SIFT and PolyPhen and tumour mutational burden 
(TMB) of the somatic variants was calculated. Nine common SNPs in FAM-related genes were 
significantly associated with PCa, including three deleterious variants in 

. Eight SNPs were linked to aggressive PCa, with deleterious variants in INMT and AOC3. 
These common SNPs had not been previously associated with PCa. Rare germline analysis 
revealed 15 pathogenic variants, four oncogenic variants and 15 variants with predicted loss of 
function. 80% of individuals with these rare variants had aggressive PCa. Somatic analysis showed 
African tumours had a higher (though not statistically significant) mean TMB than European 
tumours ( ). Several PDVs were exclusive to African-derived tumours, including 
mutations in FASN, ACADL, ACOT8, and ADH1C. Although limited by a small sample size, this 
study reveals novel germline and somatic variants in FAM pathway genes, highlighting their 
contribution to PCa risk and aggressiveness. Future research should prioritise African population 
inclusion, increased sample size, and include phenotypic studies in PCa genomics to improve 
diagnostics, treatment, and health equity. 



  

CHAPTER 1: INTRODUCTION 

Prostate Cancer (PCa), as defined by the World Health Organization, is a malignancy originating 
within the prostate gland, a small, walnut-shaped organ that plays a crucial role in the male 
reproductive system. PCa is among the most commonly diagnosed malignancies in men globally 
and is a leading cause of cancer-related mortality, particularly in older males. It presents a complex 
and heterogeneous disease spectrum, ranging from indolent tumours to highly aggressive and 
metastatic forms. While widespread implementation of prostate-specific antigen (PSA) testing and 
improvements in imaging and therapeutic strategies have contributed to earlier detection and 
improved survival rates, prostate cancer still imposes a substantial health burden, especially in men 
of African descent.  

PCa is one of the most heritable cancers in the world however significant gaps remain in 
understanding the molecular and genetic factors that drive prostate cancer onset, progression, and 
treatment response. A major limitation of current genomic research is its overwhelming exclusion 
of African-ancestry derived data [1]. Large-scale projects such as The Cancer Genome Atlas 
(TCGA) have yielded critical insights into prostate cancer genomics, however, their 
underrepresentation of non-European populations has limited the generalizability of findings [2]. 
This lack of diversity is particularly problematic given the clear evidence that men of African 
descent are disproportionately affected by prostate cancer, exhibiting higher mortality rates, earlier 
onset, and more aggressive clinical features. 

Emerging research has highlighted lipid metabolism as a central hallmark of cancer, with 
deregulated lipid biosynthesis and uptake supporting the energetic and structural demands of 
rapidly proliferating tumour cells [3, 4]. In prostate cancer specifically, the involvement of lipid 
metabolic processes is especially noteworthy. This is because the prostate gland naturally 
synthesizes and secretes large quantities of lipids, including citrate and polyunsaturated fatty acids, 
for seminal fluid production [5]. Tumorigenesis in the prostate co-opts these processes, leading to 
enhanced lipid synthesis and accumulation that support malignant transformation, proliferation, 
and therapy resistance.  

Alterations in FAM genes can influence tumour behaviour, modulate immune responses, and alter 
sensitivity to treatment [4, 6]. However, despite their biological significance, the contribution of 
inherited and somatic genetic variation in FAM-related genes to prostate cancer aetiology remains 
poorly understood, particularly in African populations. This study aims to bridge these knowledge 
gaps by conducting a comparative genomic analysis of prostate cancer samples from South African 
(African ancestry) and Australian cohorts (European ancestry). By focusing on genes involved in 
fatty acid metabolism, this work seeks to uncover population-specific mutations that may underlie 
differences in disease risk between these two populations. Through this approach, the study aspires 
to enhance the global understanding of prostate cancer and contribute toward more equitable 
precision medicine strategies. 



  

1.1 PROBLEM STATEMENT 

Despite growing evidence of ancestry-specific genomic differences in prostate cancer, African 
populations remain underrepresented in genomic studies, limiting our understanding of 
functionally relevant variants that may influence prostate cancer progression and therapeutic 
outcomes. One particularly understudied area in PCa research is the mutational processes involved 
in fatty acid metabolism (FAM), which has been increasingly implicated in prostate cancer 
tumorigenesis and resistance to therapy. To the best of our knowledge, no study to date has 
specifically investigated the contribution of FAM-associated variants to PCa risk and adverse 
outcomes in African men. 

 

1.2 GENERAL AIM 

To determine the contribution of genetic variants in the fatty acid metabolism pathway towards 
driving PCa aggressiveness in men of Southern African ancestry. 

1.3 SPECIFIC OBJECTIVES 

 To assess the contribution of rare germline variants in the FAM pathway towards 
predisposing Southern African men to aggressive PCa. 

 To assess the contribution of common germline pathogenic variants in the fatty acid 
metabolism pathway towards predisposing Southern African men to aggressive PCa. 

 To determine the contribution of somatic variants in the fatty acid metabolism pathway 
towards predisposing Southern African men to aggressive PCa. 
 

1.4 HYPOTHESIS 

Men of Southern African ancestry will exhibit significant, deleterious alterations in the FAM 
pathway, characterized by an elevated tumour mutational burden, and a greater number of 
predicted deleterious mutations. These specific genomic changes contribute to the higher 
aggressiveness and poorer clinical outcomes observed in men of Southern African ancestry. 

 

1.5 JUSTIFICATION OF THE STUDY 

Addressing disparities in prostate cancer research, particularly the lack of genomic data from 
African populations, is crucial given the high burden of the disease in this demographic. Specific 
mutations in fatty acid metabolism (FAM) genes have not been explicitly detailed in African 
populations, making this study a novel investigation into the mutational landscape of FAM genes 
across men of African ancestry and men of European ancestry. This research will provide new 
insights into ancestry-specific variants and their functional implications in disease progression. 



  

Such insights are crucial for improving biomarker discovery, tailoring therapeutic strategies, and 
advancing precision oncology in Southern African populations.



  

CHAPTER 2: LITERATURE REVIEW 

2.1. PROSTATE CANCER PATHOLOGY  

Prostate cancer (PCa) can be classified into various histological types, with acinar adenocarcinoma 
being the most prevalent [7]. This type originates in the glandular cells of the prostate, typically 
grows slowly, and is often detected early. Prostatic intraepithelial neoplasia (PIN)-like 
adenocarcinoma, once considered a distinct entity, has now been reclassified in the 2022 WHO 
Classification of Urinary and Male Genital Tumours (5th edition) as a variant of acinar 
adenocarcinoma due to similar prognosis and outcomes [8]. Ductal adenocarcinoma, which 
develops in the ducts of the prostate, is less common but more aggressive, with a greater tendency 
to spread beyond the prostate. Transitional cell carcinoma, arising from the urethra or bladder and 
invading the prostate, is rare and highly aggressive. Small cell carcinoma and other neuroendocrine 
tumours are extremely rare but exhibit aggressive behaviour, often presenting with advanced 
disease and poor prognosis. Another development is the formal recognition of treatment-related 
neuroendocrine prostate cancer (t-NEPC) as a distinct tumour type [8]. This aggressive form of 
cancer often emerges following androgen deprivation therapy or novel androgen receptor-targeted 
therapies, representing a mechanism of treatment resistance.  

PCa diagnosis involves several clinical and laboratory techniques aimed at detecting the disease 
at an early and treatable stage. One of the most commonly used methods is the PSA test. PSA is a 
glycoprotein produced by the epithelial cells of the prostate and is normally found in semen but 
can also circulate in the bloodstream [9]. During PSA testing, a blood sample is analysed, and 
levels above 4 ng/mL typically warrant further investigation. However, PSA is not cancer-specific 
and can be elevated in benign conditions such as benign prostatic hyperplasia [9, 10]. As a result, 
elevated PSA levels alone are insufficient for a definitive diagnosis. To complement PSA testing, 
clinicians may perform a Digital Rectal Examination (DRE), which involves palpating the prostate 
through the rectal wall to detect abnormalities such as lumps or hard areas [11]. Magnetic 
resonance imaging (MRI), particularly multiparametric MRI, has emerged as an important imaging 
modality to localize suspicious lesions and guide targeted biopsies [12].  

When abnormalities are detected through PSA, DRE, or MRI, a prostate biopsy is often performed 
to confirm the presence of cancer. This procedure involves using a thin, hollow needle to collect 
prostate gland tissue samples, which are then examined under a microscope by a pathologist [13]. 
The histological analysis of biopsy samples allows for tumour grading using the Gleason scoring 
system. Pathologists evaluate the cancer cells and assign a grade from 1 to 5 based on their 
appearance under the microscope [14]. They then identify the two most predominant patterns and 
add their respective grades to produce the Gleason score (figure 1A). For improved clarity and 
standardization, the International Society of Urological Pathology (ISUP) developed a grading 
system that classifies tumours into five grade groups, with higher groups indicating more 
aggressive disease and poorer prognosis (Figure 1B) [15]. 



Figure 1: Prostate cancer pathology based on Gleason score and ISUP grading [16]. A. Gleason 
score is calculated based on the two most common patterns of cancer cell arrangement. B. The 
ISUP grade groups are based on the Gleason scores, with the higher the grade group, the more the 
risk of the tumour becoming more aggressive. ISUP-International Society of Urological 
Pathologists.

As prostate cancer advances, it can begin to manifest through various symptoms that prompt 
medical evaluation. One of the earliest and most common signs is trouble urinating, which can 
include difficulty initiating urination, a weak or interrupted urine stream, or increased frequency 
of urination. These urinary symptoms are often the result of tumour growth exerting pressure on 
the urethra or surrounding structures. Some individuals may notice blood in their semen, a 
condition known as hematospermia, or experience discomfort and pain in the pelvic area [17]. 
Advanced stages of the disease are often associated with metastasis, particularly to the bones of 
the spine, pelvis, and hips, leading to persistent, deep bone pain. Erectile dysfunction can also arise 
as the tumour impacts nerves and blood vessels related to sexual function [18].

Treatment options for prostate cancer vary depending on factors such as PSA level, tumour grade 
and stage, the risk of recurrence, and patient preference [13, 19]. In cases of low-risk or localized 
prostate cancer, active surveillance may be considered. This strategy involves regular monitoring 
without immediate treatment, delaying interventions until signs of progression appear [12]. For 
patients requiring active treatment, options include surgery, radiation therapy, hormonal therapy, 
chemotherapy, and cryotherapy. Radical prostatectomy, the surgical removal of the prostate and 
surrounding tissues, is often employed in localized disease and may be used alongside radiation 
therapy [20]. Chemotherapy, particularly with agents like docetaxel, is used in advanced stages 
but can come with substantial side effects [21]. Cryotherapy, which involves freezing prostate 
tissue to kill cancer cells, is another minimally invasive option for selected cases [13]. Despite the 
effectiveness of these treatments, each carries the risk of adverse effects such as fatigue, hair loss, 
urinary incontinence, sexual dysfunction, and haematological complications [13]. Resistance to 
treatment can also develop over time, emphasizing the need for personalized and adaptive 
therapeutic approaches [22, 23].



2.2 PROSTATE CANCER EPIDEMIOLOGY

Prostate cancer represents a significant worldwide health issue, ranking second only to lung cancer 
in terms of diagnosis and standing as the fifth leading cause of cancer-related deaths among men 
[24]. Globally it is the eighth leading cause of cancer death and the fourth most diagnosed cancer 
[25]. The severity of PCa is emphasized by the staggering statistics from 2022, which documented 
approximately 1 467 854 new cases and 397 430 deaths attributed to PCa [26]. The global burden 
of PCa is predicted to continue to escalate, with an estimated 2.3 million new cases and 740,000 
deaths by 2040. Notably, PCa is the most commonly diagnosed cancer in 112 countries and the 
leading cause of cancer-related mortality in 48 countries [26].

The epidemiological landscape of PCa exhibits significant geographical disparities (figure 2). The 
age-standardized incidence rates (ASIRs) in Northern America and Oceania are significantly 
higher, more than 70 cases per 100 000 males, than in Africa and Asia, below 31 cases per 100,000 
males [27]. Although Africa has the second lowest ASIRs, the continent has the highest age 
standardized mortality rates (ASMRs), 17.3 per 100 000 males, followed by Latin America and 
the Caribbean (LAC), 13.3 per 100 000 males, an indication of the association between African 
ancestry and PCa risk [28]. Asia is the least affected continent, with the lowest ASIRs and the 
lowest ASMRs [27]. The Southern African region is particularly affected by PCa as it has the 
highest incidence and mortality rates in the African region (figure 3). 

Figure 2. The geographical distribution of prostate cancer in 2022 [29]. A- Age-standardised 
incidence rates, B- Age-standardised mortality rates. Incidence is negatively correlated with 
mortality in Sub-Saharan Africa.

A

B



Figure 3: Age-standardised incidence (blue) and mortality rate (red) in the world (A) and in Africa 
(B) [29]. Southern Africa carries the highest burden of prostate cancer in both incidence and 
mortality in Africa.

Several studies have proven that the human development index (HDI), a consolidated measure of 
the average achievement across key dimensions of human development within each country 
including life expectancy, income per capita and education index, influences PCa incidence and 
mortality [27, 28, 30, 31]. Countries with very high HDI, such as USA, UK and Australia, exhibit 
ASIRs that are more than double those with low HDI [27]. This has partly been attributed to 
widespread PSA screening. A study from 2018 indicated that the incidence rates of PCa increased 
by 51% in the span of eighteen years following regularized PCa screening [20]. Notably, the 
United States accounted for more than a fifth of the incidence cases in 2017, validating the 
association between high HDI and elevated ASIRs. On the contrary, several Asian countries 
lacking organized screening programs, including China, Thailand, Georgia, and Korea, have also 
experienced rising incidence rates [27]. This has been linked to increased obesity, for example, an 
increased prevalence of obesity of more than 20% was observed in the past 20 decades. Although 
ASIRs have been positively correlated with HDI, even in countries with high HDI such as USA, 
men of African descent are more at risk.  

Unlike ASIRs, the burden of ASMRs is negatively correlated with HDI, also a result of systemic 
PCa screening and developed treatment procedures [32]. Despite the rising incidence, 
advancements in diagnostic and treatment modalities have contributed to declining mortality rates, 
even in Africa and Asia, with the highest Estimated Annual Percentage Change (EAPC) observed 
in high HDI countries (Mahal et al., 2022; Wang et al., 2022). PSA screening, coupled with active 
surveillance and improved therapies, has played a pivotal role in reducing PCa mortality. The 
Göteborg screening trial demonstrated a 35% decrease in mortality rate in a period of 18 years, 
highlighting the interplay between socioeconomic factors and disease burden (Wang et al., 2022).



  

 

2.3 EPIDEMIOLOGY OF CANCER IN BOTSWANA 

According to GLOBOCAN 2022, prostate cancer is the fourth most diagnosed cancer in Botswana 
(6.9%) and is the number one cancer in men (16.9%) [33]. In terms of mortality, PCa accounts for 
6% of all cancer related deaths, ranking fifth in Botswana, while it is responsible for 13.8% of 
cancer-  
[34].  Cancer mortality in Botswana is alarmingly high, with approximately 75% of patients 
presenting with advanced-stage disease [35]. This highlights the need for early detection and 
improved cancer care services. 

(WHO), has formulated a national strategy targeting four major non-communicable diseases 
namely; cancer, diabetes, cardiovascular diseases, and chronic respiratory diseases. This initiative 
aims to mitigate cancer incidence by addressing modifiable risk factors such as smoking and 
physical inactivity [36]. The strategy, however, does not have any guidelines on PCa management, 
screening, diagnosis and treatment. PCa screening remains uncommon in the public healthcare 
sector. Limited screening programs contribute to late-stage diagnosis, delayed treatment initiation, 
and poor patient survival rates, particularly for prostate cancer [37]. The Botswana government 
has also established four hospitals across different regions as designated public oncology centres 
(POCs). Three POCs conduct PSA testing and two perform DRE, however none perform 
ultrasound-guided prostate biopsies. These procedures are only available in private hospitals at 
government expense in Gaborone and Francistown [35]. 

Prostatectomy, surgical removal of the prostate, is not available in Botswana, resulting in a heavy 
reliance on radiation therapy as the primary treatment for prostate cancer. When prostatectomy is 
unavailable, reliance on radiation therapy alone may limit treatment options and impact patient 
outcomes. While radiation can shrink or destroy cancer cells, it may not provide the same long-
term control as surgery for localized prostate cancer, potentially increasing the risk of recurrence 
or metastasis [38]. Additionally, without surgery, early detection of recurrence through PSA 
monitoring may be delayed. Radiation therapy may also lead to long-term side effects, affecting 
patients' quality of life, and for advanced prostate cancer, it may not be sufficient on its own, often 
requiring a combination of treatments like surgery or hormonal therapy for optimal disease control 
[39].  

Until recently, radiation therapy was only available at Gaborone Private Hospital. However, in 
2023, a public radiotherapy facility was established at Sir Ketumile Masire Teaching Hospital in 
Gaborone, significantly enhancing accessibility for patients in need of cancer treatment[40]. Other 
recent advances include large-scale initiatives such as Potlako+ Study, a community-randomized 
trial led by the Botswana Harvard AIDS Institute Partnership (BHP) to improve timely cancer 
detection and treatment initiation [41]. Another initiative from BHP is the Thabatse Cancer 
Observational Cohort, a study analyzing cancer types, stages, treatments, and outcomes among 
patients receiving cancer care in Botswana [42].  



  

Despite its prevalence amongst men, prostate cancer is amongst the most understudied cancers in 
Botswana [43]. A study published in 2025 assessing alpha-methyl acyl-CoA racemase 
(AMACR/p504s) and p63 as diagnostic markers demonstrated their high sensitivity and specificity 
in distinguishing prostate cancer from benign prostatic hyperplasia [44]. This study analyzed 96 
archived, formalin-fixed paraffin-embedded FFPE prostate tissue specimens collected between 
2013 and 2019 from the only two public health anatomical pathology laboratories in Botswana: 
The National Health Laboratory in Gaborone and Nyangabgwe Referral Hospital in Francistown 
prostate samples. To date, this is the only study to utilize prostate samples from Botswana in 
research. Despite these advancements, Botswana still has a long way to go in establishing 
comprehensive national prostate cancer guidelines, expanding screening programs, and improving 
access to diagnostic and treatment options to enhance patient outcomes and reduce the burden of 
the disease. 

 



  

2.4 RISK FACTORS 

Prostate cancer is associated with various risk factors [30, 45]. Obesity, low fitness levels, diabetes, 
certain dietary patterns, and even vitamin E supplementation have emerged as potential risk factors 
[44]. The precise mechanisms behind these associations remain unclear, but factors such as 
increased consumption of energy, animal fats, and red meats may contribute to the heightened risk 
of aggressive PCa [47]. Lifestyle factors such as smoking also affect PCa outcomes, with studies 
indicating higher overall mortality and recurrence rates among smokers [45, 48, 49]. Notably, 
smokers exhibit a higher frequency of certain somatic genetic mutations, including those in genes 
like PREX2, KMT2C, AGO2, and PTEN, which may contribute to poorer clinical outcomes [50]. 
The major risk factors for PCa are age, family history of PCa or breast cancer, African ancestry, 
and genetic alteration and diet has also been implicated in PCa aggressiveness.  

2.4.1 Age 

Age is a well-established risk factor for PCa, with increasing incidence and mortality rates 
observed in older populations [51]. The lifetime probability of PCa diagnosis is estimated at 
12.5%, with a sharp rise from 1.8% in men aged 50 59 years to 9.0% in men 70 years and older 
[52]. Autopsy studies have further revealed that approximately 40% of unscreened men over 60 
years harbour undiagnosed PCa, a figure that increases to 60% in men over 80 years [51]. Notably, 

 

Prostate cancer can be broadly classified into early-onset (diagnosed before age 55) and late-onset 
(diagnosed after age 55) [53]. Early-onset PCa tends to be more aggressive and is often linked to 
genetic predispositions, including germline mutations in BRCA1/2 and HOXB13 genes . Younger 
patients typically present with higher Gleason scores and ISUP grade groups, indicating a greater 
likelihood of clinically significant disease [14, 54, 55]. Conversely, late-onset PCa is more 
frequently detected due to screening and is often indolent, though aggressive forms are still 
observed in older populations  [56].  

A risk-adapted screening strategy, typically commencing at 50 years of age, is often advised by 
medical organisations such as the European association of urology or the national comprehensive 
cancer network (NCCN) [11]. However, for high-risk populations, such as men of African descent 
and individuals with a family history of PCa, screening initiation at 40 years is recommended. 
With the increasing risk of clinically significant PCa with age, determining the optimal age for 
initiating and discontinuing screening remains a critical debate. Many guidelines recommend 
against PSA screening in men over 70 75 years due to concerns about overdiagnosis and limited 
evidence of mortality reduction [57, 58] . However, some studies argue that a uniform cessation 
of PSA screening at 70 years may be premature, advocating for a more individualized approach to 
screening cessation and follow-up during active surveillance [59, 60]. 

Age also significantly influences treatment decisions for PCa [11]. Younger men diagnosed with 
clinically significant disease are more likely to undergo radical treatment options such as radical 
prostatectomy or radiation therapy due to their longer life expectancy and potential for disease 
progression [61] . Conversely, older men, particularly those with comorbidities, may be managed 
with active surveillance or watchful waiting to minimize the risks associated with overtreatment. 



  

Additionally, older men are more likely to experience lower overall survival rates despite treatment 
[23]. Hormone therapy is commonly employed in elderly patients with advanced disease to slow 
progression, while chemotherapy is typically reserved for those with metastatic or castration-
resistant prostate cancer (CRPC) [62].  

 

2.4.2 Family history 

Prostate cancer has the highest heritability rates among cancers, meaning that genetic factors 
significantly contribute to its development. Twin studies estimate that heredity accounts for 
approximately 57% of PCa cases [63]. The likelihood of developing PCa increases with the 
number of affected relatives, with individuals having a first-degree relative diagnosed with PCa 
facing a 2.5-fold higher lifetime risk [64]. Additionally, aggressive forms of PCa tend to cluster 
within certain families, suggesting a link between genetic predisposition and disease severity [64, 
65]. Some research suggests that familial PCa is more likely to recur and result in poorer outcomes 
after radical prostatectomy (RP) [53]. 

A Swedish study found that survival rates were similar among fathers and sons diagnosed with 
PCa, further supporting its hereditary nature [64]. The Health Professionals Follow-Up Study, 
which monitored 3,695 PCa patients between 1986 and 2004, found that individuals with both a 
father and brother diagnosed with PCa had a 2.3-fold increased risk (95% CI = 1.76 3.12). A 
father-only or brother-only diagnosis resulted in a 2.16-fold and 1.95-fold increased risks 
respectively [53]. Interestingly, a 2023 study examining PCa-related mortality reported a lower 
mortality rate among individuals with a strong family history of the disease, possibly due to 
increased awareness and early detection efforts [66].  

Families with a history of PCa have been observed to have higher occurrences of other cancers, 
particularly breast cancer [67]. Despite developing in different organs, multiple studies suggest a 
genetic connection between these two cancers [68 70]. A study by Ren et al., (2019) found that 
individuals with a first-degree relative diagnosed with female breast cancer had a 21% higher risk 
of developing PCa and a 34% increased risk of lethal disease [71]. Additionally, a family history 
of PCa alone was associated with a 68% higher risk of overall disease and a 72% greater risk of 
lethal disease. Individuals with a family history of both breast and prostate cancer exhibited an 
even greater risk of lethal PCa, though statistical significance varied across studies [66, 68 70]. 

Age has also been identified as a modifier of the relationship between family history and PCa risk. 
Among men under 60, those with a family history of breast cancer faced a 62% increased risk of 
developing PCa, while a family history of PCa was linked to a 2.19-fold increased risk [72]. 
Additionally, having a family history of both breast and prostate cancer was associated with a 2.44-
fold increased risk of PCa in men under 60. It is therefore crucial to perform early screening and 
genetic counselling for individuals with a significant family history of cancer. 

 



  

2.4.3 Race 

Prostate cancer incidence and mortality exhibit significant disparities across racial and ethnic 
groups. Afro-Caribbean and sub-Saharan African men experience some of the highest mortality 
rates from PCa (figure 2). The rates for prostate cancer mortality are substantially lower in other 
racial groups, such as Asian/Pacific Islanders, and Europeans. This indicates that PCa mortality 
may be related to African ancestry. Studies have shown that African American men have a notably 
higher rate of prostate cancer than their Caucasian and Asian counterparts [73]. This disparity is 
further evidenced by the fact that African American men are more likely to be diagnosed with 
prostate cancer at an earlier age and often with more advanced or metastatic stages of the disease, 
leading to poorer outcomes when compared to other racial groups [74, 75]. This is further 
compounded by higher PSA levels at diagnosis and an increased risk of mortality compared to 
Caucasian patients [76]. 

A review by McHugh et al. (2021) proposed that the higher burden of prostate cancer in African 
American men could be traced back to the genetic makeup of West and West-Central African 
populations, from which many African Americans are descended [77]. These populations have 
been shown to carry genetic variants that increase susceptibility to prostate cancer, contributing to 
the disease's early onset and more aggressive presentation [78, 79]. However, even within African 
populations, differences in prostate cancer incidence and outcomes exist due to large genetic 
diversity. In African men, the highest rates of prostate cancer are found in men of Southern African 
ancestry (figure 3), which is often attributed to the genetic predispositions in these populations. 
Furthermore, studies show that Khoisan ancestry in Black South African patients is linked to a 
significantly higher risk of prostate cancer compared to Bantu ancestry, underscoring the complex 
genetic factors at play within African groups [80]. These genetic differences, combined with 
environmental and socio-economic factors, including underrepresentation in clinical trials and 
genetic research, hamper the development of targeted therapies for this population, explain why 
men of African descent are more affected [1, 2]. With increasing recognition of the genetic 
underpinnings of prostate cancer, particularly in African descent populations, there is a growing 
need for inclusive research and tailored treatment strategies to address these disparities in prostate 
cancer outcomes. 

 

2.4.4 Genetic alterations 

2.4.4.1 Common germline variants 

About 57% of variation in prostate cancer is attributed to genetic factors [81]. Increased PCa risk 
can be due to rare germline variants, defined as a minor allele frequency (MAF) <1%, as well as 
the combined effects of common variants, typically at MAF >5% but typically also including 
intermediate risk (MAF 1-5%) variants [82]
suggests that although common variants individually have less effect on disease risk, collectively 
they cause common diseases such as PCa [83] (Figure 4). The rationale is that variants with a large 
effect on disease risk would likely reduce reproductive fitness and thus become rare over 



  

generations. Since common diseases are prevalent, the variants causing them, likely do not affect 
reproductive fitness and persist across generations. 

 

Figure 4: Description of common and rare variants. Common variants (MAF > 0.05) are more 
prevalent in a population and have less effect on disease expression than rare variants which are 
less prevalent (MAF < 0.01) but are more likely to contribute to disease expression when present.  

The completion of the Human Genome Project and advancements in both Genome-Wide 
Association Studies (GWAS) and Exome Wide Association Studies (EWAS) have significantly 
advanced research on genetic susceptibility to common diseases, including PCa. Genome-wide 
association and fine-mapping studies of PCa have identified germline risk variants. Unfortunately, 
these studies were primarily conducted in European populations and although recent studies are 
advocating for African inclusion, African American individuals whose ancestry is mostly West 
African are included and the Southern African population remains underrepresented [84 86]. 
Common germline variants are used to develop polygenic risk scores (PRS) which predict genetic 
risk for developing PCa and other common diseases, potentially improving targeted screening and 
early detection [84, 85]. PRS are aggregate measures of the effects of common variants on PCa 
risk. A study by Conti et al., (2021), showed that men of African ancestry had 2.18 times higher 
PRS than men of European ancestry [89]. Consequently, studying the contribution of common 
germline variants in African men, who have a higher incidence of aggressive PCa, could inform 
improved risk prediction models and guide more personalized screening and treatment approaches 
[88].  

 



  

2.4.4.2 Rare germline variants 

Rare pathogenic germline variants have been linked to both early-onset and aggressive forms of 
PCa. Notable examples include rare pathogenic variants in BRCA2 and HOXB13. Both genes have 
been shown to have a substantial impact on both PCa risk and disease aggressiveness [90]. The 
HOXB13 G84E missense variant has been linked to early-onset and familial PCa, with a greater 
effect observed in aggressive cases [91]. Men with metastatic PCa are more likely to carry 
pathogenic variants in DNA-repair genes BRCA2, ATM, and CHEK2 than those with localized 
disease [92], while overall, a higher prevalence of protein-truncating variants have been observed 
in men with metastatic as opposed to indolent PCa [93].  

As the frequency of genetic mutations differs across ethnicities, contributing to disparities in PCa 
outcomes, it is critical that there be population representative data. This has been  highlighted by 
recent studies advocating for the inclusion of African genomes in the identification of rare germline 
variants associated with PCa [94 97]. A study by Wei et al., (2023) discovered two rare variants 
that were significantly associated with PCa risk in African American men, p.R14Q in GPRC5C 
and p.R511Q in IGF1R. Another study by Darst et al., (2022) demonstrated that a rare germline 
variant in the HOXB13 gene (rs77179853), was found exclusively in men of West African descent, 
and was linked to a higher risk of both overall and advanced PCa [99]. Additionally, when using 
data from African American populations, a loss-of-function variant in the DNA repair gene 
ADPRHL1 (c.A233T; p.D78V) triggers prostate tumorigenesis and increases susceptibility to PCa 
[78], while HOXB13 (X285K) is associated with a higher risk of more aggressive PCa, particularly 
at a younger age [79]. 

Rare germline variants associated with PCa risk have been used to develop germline testing panels. 
The purpose of these germline testing gene panels is prognosis, advising treatment and to screen 
for men at high-risk or very high-risk for PCa, defined as I
20ng/ml, by NCCN (version 4.2023) [100]. Germline testing can reveal mutations classified as 
pathogenic or likely pathogenic, which may expand prostate cancer treatment possibilities, provide 
access to clinical trials, and highlight the risk of other cancers [101]. Additionally, a positive result 
suggests a 50% likelihood that immediate family members carry the same genetic risk. As a result, 
patients are encouraged to share their test findings with relatives and consider referring them to 
genetic counselling for further evaluation through cascade genetic testing [102]. 

Current PCa germline testing panels are focused on only 20 genes, namely RAD50, RAD51C, 
RAD51D, ATM, CHEK2, PALB2, TP53, PMS2, MUTYH, BRCA1, BRCA2APC, EPCAM, 
HOXB13, BRIP, FANCA, MLH1, MSH2, APC, MSH6 and NBN. Despite African ancestry being a 
risk factor for aggressive PCa, many of the rare germline studies are conducted in primarily 
European populations [94]. Indeed, Gheybi et al, (2023) showed that current germline testing 
criteria exclude for men of African ancestry as  these 20 genes were shown to be under represented 
by pathogenic variants in Southern African men, and there was a high number of novel oncogenic 
and pathogenic variants [94].  

While common genetic variants identified through GWAS have provided valuable insights into 
PCa susceptibility, the role of rare germline pathogenic variants in predicting aggressive disease 



  

is becoming increasingly clear, with much needed focus on men of African ancestry. The 
integration of germline testing into clinical practice holds promise for improving the precision of 
PCa risk assessment and guiding personalized treatment strategies, ultimately enhancing outcomes 
for men at risk of aggressive PCa. 

 

2.4.4.3 Somatic variants 

Somatic variants are DNA alterations that arise after conception, occurring in any cell except germ 
cells, and are not inherited [103]. The majority of PCa cases are considered sporadic, meaning 
genetic damage happens randomly after birth, primarily driven by somatic mutations [103, 104]. 
However, while most somatic mutations found in tumours have no significant impact on cancer 
progression, referred to as passenger mutations, a small fraction (<0.1%) are classified as driver 
mutations [103]. The most common, known somatic alteration in PCa is the fusion of androgen-
dependent transmembrane protease serine 2 (TMPRSS2) and erythroblast transformation-specific-
related gene (ERG) [105]. This fusion is more prevalent in men of European descent (49%) than 
in men of African descent (25%) and presumably occurs in early tumorigenesis. Certain somatic 
mutations arising during tumour progression can induce alterations in non-tumour cells within the 
tumour microenvironment, to enable the tumour to escape detection by the immune system [106]. 
For example, somatic mutations in PTEN, TP53, RB1, and CDK12 may facilitate immune evasion 
[106]. Interestingly, African American men are significantly more likely to harbour pathogenic 
variants in CDK12 than Caucasian Americans [107, 108]. Patients with CDK12-altered PCa 
exhibit an aggressive tumour and present with poor outcomes to hormonal, taxane and poly ADP-
ribose polymerase (PARP) inhibitors [109].  

 

The most mutated genes in localized PCa according to a study by Fraser and Rouette, (2019) are 
TP53, FOXA1, and SPOP [1]. Driver mutations in TP53 and FOXA1 are enriched in metastatic 
CRPC, while somatic SNVs in SPOP are more common in localized PCa and confer sensitivity to 
CYP17A1 inhibitors like abiraterone [110]. Metastatic CRPC accumulates 2-3 times more non-
synonymous SNVs than localized disease due to additional mutations and clonal selection from 
long-term Androgen Deprivation Therapy (ADT).  Additionally, somatic variants in DNA damage 
repair genes occur in ~19% of metastatic PCa [111]. Other significant genes include KIT, KRAS, 
and MED12 mutations which are linked to aggressive disease and tumorigenesis [104, 112].  

Due to the limitations of PSA testing in reliably diagnosing and monitoring prostate cancer (PCa), 
there is growing interest in identifying novel biomarkers for prognosis and diagnosis. One such 
avenue involves the detection of tumour-acquired variants. However, sequencing cancer genomes 
poses challenges compared to germline sequencing because cancer evolves through mutations over 
time, leading to genomic heterogeneity and sub-clonal variations [101, 103, 113]. Additionally, 
contamination with non-malignant cells in solid tumours reduces the detection of tumour-specific 
mutations [101]. Despite these challenges, several FDA-approved somatic tests are available. 
These include assays for homologous recombination repair gene mutations and markers of 



  

microsatellite instability and mismatch repair deficiency, which can have direct therapeutic 
implications [114]. Additionally, some next-generation sequencing based somatic tests may report 
investigational alterations such as Androgen Receptor (AR) amplifications, PTEN deletions, 
PI3K/Akt/mTOR pathway mutations, and TMPRSS2-ERG gene fusions that could inform 
eligibility for clinical trials or emerging targeted therapies [115]. 

The NCCN guidelines (version 4.2023) recommend somatic testing via next-generation 
sequencing for patients with regionally advanced or metastatic prostate cancer (Figure 5) in order 
to inform treatment options[116]. For example, patients with human homologous repair mutations 
are advised to use PARP inhibitors for treatment [117]. The interplay between rare inherited 
genetic variations and somatic alterations can affect cancer's clinical outcome. Germline risk 
alleles found in gene regulatory elements, may influence specific genes leading to somatic 
alterations. For example, research by has revealed an interaction between PCa risk alleles and the 
somatic loss of PTEN or RB1 [118]. 



  

 

Figure 5: Algorithm for inherited/germline and tumour/somatic mutation testing in men diagnosed 
with prostate cancer [102]. dMMR - mismatch repair deficiency; HRD - homologous 
recombination DNA repair; MSI-H - microsatellite instability-high; PV/LPV - pathologic variant 
or likely pathologic variant. 

 



  

2.4.5 Diet 

Dietary intake directly influences fatty acid profiles. Diets rich in omega-3 polyunsaturated fatty 
acids (PUFAs) found in fatty fish, flaxseeds, and walnuts are associated with a lower risk of 
prostate cancer, likely due to their anti-inflammatory properties that help suppress tumour 
development and progression [119]. Conversely, diets high in omega-6 PUFAs (commonly 
derived from vegetable oils) and with a high omega-6 to omega-3 ratio have been linked to 
increased risk, as they can promote a pro-inflammatory environment favourable to cancer initiation 
[120]. Moreover, high consumption of saturated fats, prevalent in red and processed meats, is 
correlated with increased PCa risk (Aucoin et al., 2017). Saturated fats can trigger inflammation 
and oxidative stress, contributing to tumorigenesis. Additionally, a high-fat diet can elevate 
circulating bioactive lipids, which stimulate the proliferation and migration of cancer cells, 
particularly those with low lipolytic activity [122]. In obese individuals, lipid-rich tumour 
microenvironments driven by activated adipocytes and elevated systemic lipid levels further 
support tumour growth and malignancy [123].  

Prostate tumours often exhibit distinct alterations in fatty acid composition compared to adjacent 
normal tissue. These changes are especially pronounced in more aggressive forms of the disease, 
with tumours showing increased levels of saturated fatty acids (SFAs) and reduced levels of 
PUFAs, particularly omega-3 PUFAs. [120]  

 

 

  



  

2.5 FATTY ACID METABOLISM ASSOCIATION WITH PROSTATE CANCER 

Prostate cancer exhibits a unique metabolic profile that relies heavily on lipid metabolism. As 
tumours develop, crosstalk between adipose tissue and cancer cells leads to changes in adipocyte 
function and paracrine signalling, promoting a microenvironment that supports tumour growth 
[123]. Over the past decade, it has become evident that tumour cells co-opt adipocytes in the 
tumour microenvironment, converting them into cancer-associated adipocytes [124]. This 
interaction results in metabolic symbiosis, where adipocytes and cancer cells exchange metabolites 
through bidirectional signalling that shifts cancer cell metabolism from glycolysis to lipid-
dependent energy production. PCa is particularly influenced by its proximity to peri-prostatic 
adipose tissue, which secretes the chemokine CCL7. This chemokine migrates to the peri-prostatic 
region and promotes tumour cell invasion through its receptor CCR3. [125]  

Unlike other cancers, prostate adenocarcinoma remains highly dependent on AR signalling [126, 
127]. ARs play a critical role in regulating fatty acid synthesis and oxidation to meet the 
bioenergetic and anabolic demands of PCa cells. Additionally, AR influences lipid uptake, storage, 
cholesterol metabolism, and phospholipid synthesis. ADT is the most effective systemic treatment 
for PCa, achieving a 90% response rate by inhibiting androgen synthesis from both the testes and 
adrenal glands. However, when PCa recurs as CRPC, it continues to rely on AR signalling despite 
low serum androgen levels. This is achieved through AR overexpression, amplification, mutation, 
production of ligand-independent AR variants, and AR cistrome reprogramming [128]. ARs 
enhance both the expression and activation of transcription factors called sterol regulatory 
element-binding proteins (SREBPs), directly regulating the transcription of lipogenic genes due to 
the proximity of AR binding sites to lipid metabolism gene promoters (Figure 6)[129]. 
Interestingly, SREBPs can reciprocally activate AR gene expression, further amplifying lipid 
metabolism in PCa.  



  

 

Figure 6: Overview of lipid metabolism in prostate cancer [130]. AR signalling activates SREBPs, 
transcription factors that regulate expression of various genes involved in FAM such as CPT1, 
FASN and ELOVL. Fatty acids (FAs) are derived from either lipolysis of lipid droplets within the 
tumour cell or from FA transporters such as CD36. The FAs are then metabolised for energy 
generation or for signalling molecules that can alter the tumour micro environment by suppressing 
immune response. AR  androgen receptor, LDL  low density lipoprotein, TME  tumour 
microenvironment, SREBPs  sterol regulatory element binding proteins.  

Beyond AR-dependent mechanisms, PCa-associated genetic aberrations also contribute to 
metabolic reprogramming. PI3K mutations, p53 loss, and PTEN deletion enhance lipid metabolism 
through oncogenic signalling pathways [1]. Similarly, the PI3K/AKT/mTORC1 pathway plays a 
crucial role in SREBP activation to promote synthesis of monounsaturated fatty acids that promote 
resistance to cancer cell death via ferroptosis [133]. The co-deletion of PTEN and promyelocytic 
leukemia protein, and the myelocytomatosis oncogene results in SREBP-dependent lipogenesis, 
further promoting PCa metastasis [134].  

Besides energy generation, FAM is also important for the migration of cancer cells to promote 
metastasis and epithelial to mesenchymal transition, facilitated by fluid membranes composed of 
cholesterol and saturated fatty acids [4]. In addition, fatty acids and their derivatives, eicosanoids, 
act as secondary messengers in signalling pathways that promote tumorigenesis, cell proliferation 
and immunosuppression [34]. FAM is also crucial in sustaining cancer cells during metabolic 
stress. For example, NADH is essential in the detoxification of reactive oxygen species and cells 
can also synthesize saturated phospholipids which combat peroxidation induced by reactive 



  

oxygen species [119]. As prostate cancer cells become more reliant on fatty acids, they often divert 
glucose metabolism towards the pentose phosphate pathway, which provides them with the 
necessary nucleotides and NADPH for rapid growth and proliferation. This metabolic shift aids in 
the synthesis of DNA and RNA, facilitating cell division [28]. PCa exhibits an active lipophagy 
mechanism and numerous abnormalities in lipid metabolism, including increased; lipid uptake 
from circulation, de novo synthesis of fatty acids and phospholipids, transfer of fatty acids from 
stromal adipocytes into PCa cells, fatty acid oxidation and phospholipid content. 

2.5.1 Lipid storage and release 

Circulating fatty acids (FAs) primarily originate from triglyceride breakdown in lipoproteins or 
adipose tissue lipolysis [135]. Within cells, lipid droplets (LDs) function as key organelles for 
storing neutral lipids like triglycerides (TAGs) and sterol esters, encased within a phospholipid 
monolayer [131]. The accumulation of LDs is a metabolic hallmark of PCa, offering protection 
against lipotoxicity [136]. The predominant pathway for TAG synthesis in most tissues is the 
glycerol-3-phosphate pathway. Glycerol-3-phosphate acyltransferases initiate TAG synthesis by 
converting glycerol-3-phosphate and fatty acyl-CoA into lysophosphatidic acid (LPA). 
Acylglycerolphosphate acyltransferases subsequently catalyse the conversion of LPA into 
phosphatidic acid (PA). Phosphatidic acid phosphatases then transform PA into diacylglycerol 
(DAG), which serves as a precursor for the final step of TAG formation [131]. This crucial last 
step is facilitated by diacylglycerol acyltransferases (DGAT1 and DGAT2), which esterify DAG 
with an additional fatty acyl-CoA to produce TAGs. Notably, DGAT1 is significantly 
overexpressed in PCa [137]. The TAGs are then deposited between the lipid bilayer membrane of 
the endoplasmic reticulum, inducing the formation of LDs by the proteins seipin and perilipin3 
[138].   

Lipolysis mobilizes stored lipids for energy production. This process is initiated by adipose 
triglyceride lipase (ATGL), followed by hormone-sensitive lipase (HSL) and monoacylglycerol 
lipase (MGL) to convert TAG to diacylglycerols then into glycerol and fatty acids [139 142] 

to contribute to CRPC by promoting intra-tumoural steroid synthesis that activates AR signalling 
[143]. MGL is highly expressed in aggressive PCa cells, and is linked to epithelial-to-
mesenchymal transition and tumour progression [144]. Notably, MGL inhibition reduces PCa 
aggressiveness, highlighting its potential as a therapeutic target [145].  An alternative lipolysis 
pathway involves protein kinase A (PKA) activation, which phosphorylates HSL and perilipin, a 
key lipid droplet-associated protein [146]. This phosphorylation facilitates HSL docking to LDs 
and triggers lipolysis. Prolonged PKA activation results in LD fragmentation, increasing surface 
area for lipase action. Lipolysis releases FAs and glycerol, fuelling energy production through FA 
oxidation (FAO) and enhancing the metabolic flexibility of PCa cells. 
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Figure 7: Lipolysis of lipid droplets (yellow) to release fatty acids [140]. This process involves the 
subsequent release of FAs during the breakdown of TG into DG then MG by enzymes ATGL, 
HSL, MGL. FA - fatty acids, ATGL - adipose triglyceride lipase, HSL - hormone sensitive lipase, 
MGL - monoacylglycerol lipase, DG - diacylglyceride, MG  monoacylglycerol 

2.5.2 Fatty acid uptake and transport 

Fatty acids (FAs) enter cells through receptor families such as fatty acid transport proteins 
(FATPs), fatty acid-binding proteins (FABPs), and fatty acid translocase CD36 - a multifunctional 
glycoprotein receptor [147, 148]. FATPs, part of the SLC27A family, consist of six members with 
tissue-specific expression patterns that facilitate the uptake of long-chain FAs [131]. FABPs, 
located in the plasma membrane, actively transports FAs like palmitate and oleate into cells, while 
cytosolic FABPs regulate intracellular FA trafficking, influencing storage, oxidation, and 
membrane incorporation [149]. Among these receptors, CD36 is particularly relevant in cancer 
metabolism. Highly expressed in PCa, CD36 enhances lipid uptake, supporting tumour growth, 
angiogenesis, and metastasis [150]. Its elevated expression correlates with poor prognosis across 
various cancers, reinforcing its role in tumour progression [151, 152]. The upregulation of FA 
transport proteins in PCa increases lipid availability, promoting metabolic adaptation and tumour 
survival.  

 

2.5.3 De novo fatty acid synthesis  

The process of endogenous FA synthesis begins in the cytosol with the conversion of citrate, 
derived from the mitochondrial tricarboxylic acid (TCA) cycle, into acetyl-CoA by ATP citrate 
lyase (ACLY). Acetyl-CoA is subsequently converted to malonyl-CoA by the rate-limiting 
enzyme acetyl-CoA carboxylase (ACACA, also known as ACC). FASN then catalyses the 
formation of palmitate, a 16-carbon saturated fatty acid (SFA) [153]. Following its synthesis, 
palmitate undergoes further modifications. Fatty acyl-CoA desaturases and stearoyl-CoA 
desaturases introduce double bonds, generating monounsaturated fatty acids (MUFAs), while 



  

elongases (ELOVLs) extend the carbon chain, producing PUFAs [154] (Figure 8). These newly 
synthesized fatty acids can be incorporated into phospholipids for membrane biosynthesis or stored 
as triglycerides. The dysregulation of SREBP activity, particularly due to increased MAPK 
pathway activation, has been linked to an enhanced abundance of intracellular saturated and 
monounsaturated fatty acyl chains, promoting metastatic progression in PCa models [155]. This 
suggests that de novo FA synthesis is regulated by SREBPs. 

 

Figure 8: Synthesis of fatty acids from citrate in the tumour cell [125]. SVLFAs  saturated very 
long chain fatty acids, AR  androgen receptors, SREBPs  sterol regulatory element binding 
proteins.  

2.5.4 Fatty acid oxidation 

Fatty acid oxidation (FAO) is a complex, multi-step pathway that occurs in both mitochondria and 
peroxisomes. In mitochondria, long- -oxidation. In contrast, 
peroxisomes initiate the oxidation of very long-chain fatty acids and branched-chain fatty acids 
before transferring them to mitochondria for further processing [131]. A critical step in 
mitochondrial FAO is the transport of long chain fatty acids, facilitated by the carnitine shuttle 
system, which consists of carnitine palmitoyltransferase 1 (CPT1), carnitine/acylcarnitine 
translocase (CACT), and carnitine palmitoyltransferase 2 (CPT2). CPT1 has three isoforms, 
CPT1A, CPT1B, and CPT1C, that work together to catalyze the conversion of fatty acyl-CoA into 
fatty acyl-carnitine, enabling its transport across the mitochondrial membranes [128]. CACT then 
moves acyl-carnitine into the mitochondrial matrix, where CPT2 regenerates fatty acyl-CoA, 

-oxidation to proceed [131]. Metabolomic and transcriptomic analyses reveal elevated 
CPT1 and CPT2 expression in PCa, emphasizing their roles in tumour metabolism and survival 
[156, 157]. 

Inside the mitochondria, FAO proceeds through a four-step enzymatic process involving acyl-CoA 
dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA 
thiolase (3-KAT). This cycle progressively shortens fatty acid chains by removing two-carbon 
units as acetyl-CoA, which subsequently enters the (tricarboxylic acid) TCA cycle and undergoes 



  

complete oxidation to CO2. FAO, in conjunction with the TCA cycle, generates reducing 
equivalents (NADH and FADH2) that drive ATP production via the electron transport chain (ETC) 
(Figure 9) [158]. Recent studies indicate that FAO supports the development of castration 
resistance in PCa [159, 160]. The enzyme 2,4-dienoyl-CoA reductase 1 (DECR1), which facilitates 

-oxidation by converting 2,4-dienoyl-CoA thioesters into 3-trans-enoyl-CoA, is crucial 
for mitochondrial lipid degradation [161]. Inhibiting DECR1 disrupts FAO and impairs CRPC 
progression, underscoring its therapeutic potential [162]. 

 

Figure 9: Overview of fatty acid oxidation [147]. Fatty acids from enter mitochondrion through 
CPTs and are oxidised by successive removal of 2-carbon units (acetyl CoA) which enter the TCA 
cycle for energy generation. FAO  fatty acid oxidation, ATP  adenosine triphosphate, ETC  
electron transport chain, TCA  tricarboxylic acid, -KG  alpha-ketoglutarate 

2.5.5 Treatment options targeting FAM 

Prostate cancer is highly dependent on lipid metabolism, making it a promising target for 
therapeutic interventions. Various strategies have been developed to inhibit fatty acid synthesis, 
uptake, and metabolism to impede tumour growth and enhance the efficacy of standard treatments. 
One approach involves targeting fatty acid uptake and transport. CD36 - a key receptor facilitating 
fatty acid uptake - is implicated in tumour growth and metastasis [150]. Neutralizing antibodies 
targeting CD36 such as FA6.152 and JC63.1 selectively block fatty acid uptake, showing 
therapeutic potential in preclinical models [163, 164]. Additionally, SBFI-103, a competitive 
inhibitor of FABP5, has demonstrated efficacy in both in vitro and in vivo PCa models resistant to 
ADT or taxanes [165]. Combining FABP5 inhibitors with chemotherapeutic agents like docetaxel 
or cabazitaxel has also shown positive synergistic effects [166]. 

Another strategy focuses on inhibiting de novo lipogenesis. FASN inhibitors such as TVB-2640, 
C75, and dutasteride target FASN, a crucial enzyme in lipid biosynthesis [167]. Dutasteride 
indirectly reduces FASN -reductase, which is responsible for converting 
testosterone to dihydrotestesterone, preventing binding and activation of Ars [168].  C75 on the 



  

other hand competitively inhibits FASN to prevent fatty acid synthesis [169]. Additionally, 
inhibiting SREBPs by fatostatin, an inhibitor of SREBP cleavage-activating protein (SCAP), 
prevents SREBP activation and reduces lipid biosynthesis, leading to tumour suppression [170]. 
Furthermore, inhibition of fatty acid elongase ELOVL5 using transient RNA interference, has 
demonstrated anti-tumour effects and may counteract resistance to enzalutamide, an AR inhibitor 
[171]. 

Activation of AMP-activated protein kinase (AMPK) has emerged as a metabolic stress-inducing 
strategy in PCa treatment [172]. AMPK negatively regulates lipogenesis under energy stress, and 
its activation by drugs such as AMPK activator 5-aminoimidazole-4-carboxamide-1- -D-
ribofuranoside (AICAR), rosiglitazone, and MT 63-78 inhibits fatty acid synthesis and PCa cell 
proliferation [173 175]. Targeting fatty acid metabolism presents a promising strategy for PCa 
treatment. While several inhibitors have shown efficacy in preclinical models, further clinical 
validation is required to establish their role in standard therapeutic regimens.  

 

  



  

CHAPTER 3: METHODS 

This project uses genomic data generated by the University of Pretoria Faculty of Health Sciences 
in collaboration with the Hayes Lab from the University of Sydney. All ethical considerations were 
approved by University of Pretoria Faculty of Health Sciences Research Ethics Committee (HREC 
#43/2010) with US Federal wide assurance (FWA00002567 and IRB00002235 IORG0001762). 

data is shared between the University of Pretoria and the University of Sydney, it remains the 
property of the University of Pretoria.  

3.1 COMMON VARIANT ANALYSIS 

3.1.1 Preliminary methods - exome sequencing 

Participants were recruited at the time of PCa diagnosis from Southern African Prostate Cancer 
Study (SAPCS) urology clinics in the Gauteng and Limpopo Provinces of South Africa. The study 
included men who self-identified as Black South Africans recruited between 2010 and 2015. The 
study population underwent whole exome genotyping using the Infinium HumanExome-12 v1.0 
BeadChip array and genotypes were called using the Illumina GenomeStudio v2.0 software [176]. 
As shown in Table 1, from the 798 study population, 451 confirmed cases and 292 controls 
(N=743) with or without benign prostate hyperplasia remained after quality control and filtering 
by Soh et al., (2023) [176]. The variants called by Soh et al., (2023) were then used in this study 
for further analyses.9 

  



Table 1: Summary of clinical information for the exome study population. Of the 451 cases, 203 
were identified as high-risk (ISUP 3-5) and 169 as low-risk (ISUP 1-2). Including the 292 controls 
in the low-risk group, the final comparison included 203 high-risk individuals versus 461 low-risk 
individuals, with 79 cases lacking an ISUP grade.

Age Cases (N=451) Controls (N=292)

Mean 70.52 69.99

SD 9.21 9.07

Median 71 70

Range 49 102 45 99

PSA (ng/mL) Counts (%) Counts (%)

5 (1.15%) 59 (20.85%)

4.01 - 9.99 23 (5.28%) 81 (28.62%)

10 - 19.99 55 (12.61%) 80 (28.27%)

20 - 49.99 80 (18.35%) 43 (15.19%)

50 - 99.99 77 (17.66%) 10 (3.53%)

100 196 (44.95%) 10 (3.53%)

Missing 37 24

ISUP Grade Counts (%)

1 122 (32.8%)

2 47 (12.63%)

3 46 (12.37%)

4 80 (21.51%)

5 77 (20.7%)

Missing 79

Abbreviations: PSA, prostate-specific antigen; ISUP, International Society of Urological 
Pathology.

3.1.2 Common variant analysis and statistics

BiomaRt on R (Ensembl v111) [177] was used to extract the genomic positions for each of the 158 
genes [178] in the FAM pathway according to Liberzon et al., (2015), then variants that are within 
these genes were extracted using Plink v1.9 [179]. The resulting variant call format (VCF) files 
were used in this study. Performing classical case-control analysis for 305 SNPs from 451 PCa 
cases vs 292 controls, the study had a power of 0.949 to detect associations with a prevalence of 
0.001 [176], and a significance threshold of 0.05. Furthermore, 303 SNPs were assessed for 
aggressiveness using criteria defined as 203 high risk PCa (ISUP 3-5) vs 461 low risk (ISUP 1-2 
and controls) with a power of 0.928. From the 743 participants, those without an ISUP grade were 
excluded. Study power was calculated using the Genetic Association Study Power Calculator [180]



  

Logistic regression analysis was performed using Plink v1.9, after which the output was used to 
generate a Manhattan plot using ggplot2 [181] in R to visualize the distribution of the SNPs across 
the genome as well as the significance of the SNPs. A threshold of 1.5 was used to assess the 
significance of the SNPs. The MAF in both cases and controls, along with age-adjusted odds ratios 
(OR) and P-values, were computed using Plink v1.9. For top significant SNPs, the inverse odds 
ratio was calculated to accurately represent the odds of the risk allele in cases relative to controls. 
Functionality prediction tools namely SIFT[182] and PolyPhen [183], from SNPnexus available 
at https://www.snp-nexus.org/v4/ , were used to assess for deleteriousness and the damaging 
potential of associated SNPs, respectively. The software tools ClinVar[9] available at 
https://www.ncbi.nlm.nih.gov/clinvar/ and InterVar[185] available at https://wintervar.wglab.org/ 
were then used for clinical interpretation to identify pathogenic variants.  

 

3.2 RARE GERMLINE AND SOMATIC VARIANT ANALYSIS  

3.2.1 Preliminary methods - whole genome sequencing 

The study involved 158 treatment-naive individuals with PCa recruited between 2016 and 2021 
from Australia (n = 53), and South Africa (n = 105). DNA was extracted from fresh tissue (used 
for somatic variant analysis) and matched blood samples (used for germline variant analysis), 
followed by whole-genome sequencing (WGS) using the Illumina NovaSeq platform. A summary 
of the cohort characteristics is shown in Table 2. The sequencing reads were aligned to the human 
reference genome (hg38 + alternative contigs) using Burrows-Wheeler Aligner (Sequence 
Alignment Tool) (v.0.7.15) [186]. Further analysis and filtering was performed according to 
Jaratlerdsiri et al., (2022). Variants called by Jaratlerdsiri et al., (2022) were used in this study for 
downstream analysis as shown in figure 10. BiomaRt on R (Ensembl version 111) [177] was again 
used to extract the genomic positions for each of the 158 genes [178] in the FAM pathway and the 
somatic and germline variants within those genes were extracted.  

  



  

Table 2: Summary of clinical information for the patients who underwent WGS. The cohort 
included 53 Australians and 105 South Africans. 

Ancestry European African 

Patients, N 53 105 

Mean [SD] age 61.2 [6.2] 67 [8.5] 

Mean [SD] PSA 9.4 [5.2] 254.4 [667.7] 

ISUP grade 

1 7 (13.2%) 11 (10.5%) 

2 0.0 6(5.7%) 

3 0.0 10(9.5%) 

4 9(17.0%) 37(35.2%) 

5 37(69.8%) 36(34.2%) 

Unknown 0.0 5 (4.8%) 

 Abbreviations: PSA  prostate specific antigen, SD  standard deviation 

 

3.2.2 Rare germline variant analysis 

The variants were initially filtered based on minor allele frequency (<0.05) using Plink 1.9  
package [179] (Figure 10). Next, the software tool ANNNOVAR [188] was used to annotate the 
rare variants. Variants that were benign or likely benign in ClinVar and InterVar were removed. 
Variants were classified as potentially damaging variants (PDVs) by functional impact  prediction 
tools SIFT [172] and PolyPhen [183]

were a stop-gain, missense or splice donor, as well as those with a combined annotation dependent 
depletion (CADD) [189] - the higher the score, the greater the deleteriousness - were 
also retained as PDVs. PDVs were further assessed for pathogenicity using the National Centre 

[190] and the InterVar tool that is based 
on guidelines from the American College of Medical Genetics and Genomics (ACMG) and the 
Association for Molecular Pathology (AMP)(Li & Wang, 2017)

Interpreter web-based server [191] was used to assess for PDVs with oncogenic potential. The 
oncogenic drivers were modelled in pymol to observe any structural changes to the proteins. 
Additionally, the loss-of-function transcript effect estimator (LOFTEE) plugin of variant effect 
predictor (VEP) was used to identify variants that had high confidence loss of function (LoF) 
[192]. The minor allele frequencies (MAF) of candidate variants identified in the study were 
compared to those reported in the external gnomAD database (v4.1)to assess population relevance 
and frequency consistency [193]. 



  

 

Figure 10: Assessment of rare germline variants for pathogenicity, oncogenicity and loss of 
function. VEP  variant effect predictor, LoFTEE - loss-of-function transcript effect estimator, 
CADD - combined annotation dependent depletion 

 

 

3.2.3 Somatic variant analysis 

Tumour mutational burden (TMB) was calculated for each patient by dividing the total number of 
somatic variants (SNVs and indels), by the total genome size of the 158 genes involved in FAM 
(8.17 Mbps) [194]. 

 

 

 

 

For functional impact prediction SIFT [182] and PolyPhen [183] scores were determined using the 
SNPnexus v.4 annotation tool [195]

determined to be potentially damaging variants (PDVs). LOFTEE was used as a plugin within the 
Ensembl variant effect predictor (VEP) tool to enhance the annotation of loss-of-function (LoF) 



  

variants [192]. Variants classified as "high confidence" were also determined to be PDVs. Lastly, 
t [196] was used to 
generate a summary oncoplot.  

  



  

CHAPTER 4: RESULTS 

4.1 COMMON GERMLINE VARIANT ANALYSIS 

4.1.1 FAM associated PCa risk alleles  

Of the 305 SNPs from the case-control study, nine SNPs were found to be significantly associated 
with PCa (figure 11), with the top three candidates including rs648831 (BCKDHB), rs2228063 
(CA2) and rs45507397 (FASN). While none of the candidate alleles were pathogenic or likely 
pathogenic in ClinVar or InterVar (table 3), three variants were new to ClinVar and InterVar, 
including the top variant rs648831 (BCKDHB), rs652889 (PTPRG) and rs5751114 (ACO2). The 
pathogenicity of one variant was uncertain in InterVar and new to ClinVar. Further analysis for 
functionality identified three risk alleles as deleterious and/or damaging, including rs144668507 
(D2HGDH), rs114864468 (EHHADH) and one of the top candidates rs2228063 (CA2).  

 

Figure 11: A Manhattan plot of -log10 p-values from a logistic regression analysis of 451 cases 
and 292 controls. The dashed line shows the significant threshold p-value of 0.05. The 9 variants 
above the threshold are significantly associated with PCa. Alternating orange and blue colours 
are used to distinguish adjacent chromosomes along the x-axis. 
  





  

4.1.2 FAM risk alleles associated with aggressive PCa 

Of the 303 SNPs from the high risk PCa (HRPCa) - vs low-risk PCa (LRPCa) study, eight SNPs 
were identified to be significantly associated with aggressive disease (Figure 12). Notably, two 
were found in the INMT gene (rs6970210 and rs6970605), with the latter variant being both 
deleterious and damaging. The other deleterious and damaging variant was the rs35097308 
(AOC3) which is a top variant alongside two variants in chromosome 12; rs34441328 (ERP29) 
and rs2014355 (ACADS). As with the case-control analysis, no variants were pathogenic however 
one variant, rs34441328 (ERP29) was of uncertain significance in InterVar (Table 4). 

 

Figure 12: A Manhattan plot of -log10 p-values from a logistic regression analysis of 303 variants 
from 203 HRPCa vs 461 LRPCa. The dashed line shows the significant threshold p-value of 0.05. 
Eight variants were more associated with PCa as they had low p-values. The lower the p-value, 
the more the variant is associated with PCa. Alternating orange and blue colours are used to 
distinguish adjacent chromosomes along the x-axis.  

  





 
 

4.2 RARE GERMLINE VARIANT ANALYSIS  

Focusing on 158 genes related to fatty acid metabolism (FAM), a total of 38,564 single nucleotide 
variants (SNVs) in 53 European men and 72,338 SNVs in 103 African men were interrogated. The 
SNVs were further filtered through three phases (figure 13). In phase I, variants with a minor allele 

Africans. In phase II, functional predictions using SIFT, CADD and PolyPhen identified 65 
potentially damaging variants (PDVs) in Europeans and 132 in Africans. Finally, phase III filtered 
these PDVs using InterVar and ClinVar for pathogenicity, yielding 5 pathogenic or likely 
pathogenic variants in Europeans (7.7% of the initial PDVs, prevalence of 11.3%, 6/53 patients) 
and 10 pathogenic variants in Africans (7.6% of the initial PDVs; prevalence of 9.5%, 10/153 
patients) (table 1). This shows a higher number but lower proportion of pathogenic variants in the 
African cohort compared to the European cohort.  

 

Figure 13. Comparative analysis of rare germline variants for pathogenicity, oncogenicity and loss 
of function. Genes in red contain variants found in African patients, while genes in blue contain 
variants found in European patients. 

Abbreviations: PCa - Prostate cancer, FAM - fatty acid metabolism, MAF - minor allele frequency, 
LP - likely pathogenic, SNVs - single nucleotide polymorphisms, PDVs- potentially damaging 
variants















 
 

4.3 SOMATIC VARIANT ANALYSIS 

4.3.1 Tumour mutational burden 

Within the study cohort, 17% of European-derived tumours and 12% of African-derived 
tumours lacked alterations within the FAM pathway. The boxplot in Figure 14 shows the 
distribution and variability of TMB across the European and African population.  Although the 
African cohort had a higher mean TMB than the European cohort, the difference was not 
statistically significant, (p-value 0.056). Both cohorts also had a median TMB of 0.86 
mutations/Mb (mut/Mb). 

 

Figure 14: Box plot of tumour mutational burden (TMB). The European patients had a mean 
TMB of 0.824 mut/Mb while the African patients have a mean TMB of 1.218 mut/Mb. 

4.3.2 Functional impact prediction 

Potentially damaging variants (PDVs) were identified in both the European and African 
derived tumours, (figure 15 and Table 11). In the European cohort, only 0.9% of the SNVs 
were PDVs (Table 12) and only 5.7% of the European-derived tumours harboured PDVs. For 
the African cohort, 0.5% of the SNVs were PDVs, and they were present in only 4.8% of 
African-derived tumours (Table 12). There was no loss of function variants found in the 
African-derived tumours but there was one loss of function variant in FMO1 found in an 
European derived tumour.  



 
 

 

Figure 15: Functional impact prediction using SIFT and PolyPhen. Variants that were predicted 
to be deleterious and/or damaging were called potentially damaging variants (PDVs). Three 
PDVs in HAO2, REEP6 and METAP1 were found in European-derived tumours and five 
PDVs were found in APEX1, FASN, IL4I1, ADH1C and MDH2 in African-derived tumours.   

Table 11: Potentially damaging variants identified from 53 European-ancestry derived tumours 
and 105 African-ancestry derived tumours. 

Gene Chr Positio
n 

Ref Alt dbSNP 

HAO2 1 1.19E+
08 

A G None 

ADH1
C 

4 993428
09 

G A rs1395450
124 

META
P1 

4 990343
38 

C T None 

MDH2 7 760604
21 

G T None 

APEX1 14 204572
60 

C T rs3755262
65 

FASN 17 820856
34 

C A None 

IL4I1 19 498905
68 

A G None 

REEP6 19 149128
9 

G T None 

FMO1 1 1.71E+
08 

CTTCTCTTTTATTTTCTATAGGTATTA
ATGCCTT 

- None 

Chr - chromosome, Ref - reference allele, Alt - alternative allele, dbSNP- single-nucleotide 
polymorphism database 



 
 

Table 12: Clinical data of patients with potentially damaging variants. 

Gene Patient Ethnicity ISUP_G PSA Age TMB Clinical outcome 

APEX1 N0087 African 4 12 60-64 1.10 N/A 

FASN KAL0043 African 5 Unknown 80-85 3.03 N/A 

IL4I1 KAL0072 African 5 53.25 60-64 15.66 N/A 

ADH1C SMU089 African 3 18.38 50-54 0.97 N/A 

MDH2 UP2116 African 5 65 95-99 2.10 N/A 

HAO2 16311 European 5 16.5 60-64 0.87 PSA + nodal 
metastasis 

REEP6 14862 European 5 12.40 60-64 1.42 Nil relapse at last 
follow-up 

METAP1 16599 European 4 8.10 50-54 1.84 PSA alone 

FMO1 15178 European 4 6.7 60-64 1.03 PSA + boney + distant 
visceral metastasis 

PSA - prostate specific antigen, ISUP_G - International Society of Urological Pathologist 
Grade. Notably, all patients had aggressive PCa, characterized by ISUP 3-5.  

 

 

 

 

 

 

 

 

 



 
 

4.3.3 Somatic variant landscape 

The oncoplot in Figure 16 shows the top 20 mutated genes. Of the top mutated genes, only four 
(FASN, ACADL, ACOT8, and ADH1C) were present in more than one patient and all four 
except FASN exclusive to African-derived tumours. The oncoplot also shows that European 
patients had significantly lower PSA levels than African patients.                                                                                                                  

 

Figure 16: An oncoplot showing the somatic alteration landscape. The top bar graph labelled 
TMB shows the number of somatic alterations per tumour. The middle gene panel shows 
synonymous and non-synonymous variants in a maximum of 20 top altered genes. The bottom 
panels annotate patient ethnicities, ISUP grades, age groups, and PSA groups. The right-hand 
bar graph displays mutation frequencies. 

 

 

 

 



 
 

CHAPTER 5: DISCUSSION 

Recent advancements in prostate cancer research have included the incorporation of diverse 
genomic data. This has significantly expanded the understanding of genetic risk factors. The 
inclusion of African genomic data in meta-analysis of GWAS increased the known common 
germline PCa risk variants by 47% in 2021 (from 183 to 269)  [89], and then in early 2023, the 
number of variants increased by a further 3.3% to 278 [197]. By the end of 2023, the number 
of known PCa risk variants had catapulted by 62.2% (to 451) [198]. Another study in 2023 
found 17 SNPs significantly associated with PCa and 25 SNPs associated with high risk PCa 
[176]. The latest study from 2024 identified 15 new significant SNPs in African men [199].  
Of these known variants, three are located within genes of the fatty acid metabolism pathway, 
including BCKDHB (rs146575246), MDH1 (rs139283528) and ELOVL5 (rs594260) showing 
the need to investigate the FAM pathway. Absent from the 451 known PCa risk loci, this study 
highlights 17 common germline variants within FAM genes as potential candidates for PCa 
risk or associated aggressive disease. As such, this study highlights the need for further 
interrogation of the FAM pathway which bodes to be a critical metabolic network in PCa. 

In the case control study, the novel variant rs648831(BCKDHB) was the most associated with 
PCa risk, p=0.002. Although no information is available in relation to PCa, this variant has 
previously been associated with height [200], breast cancer [201] and osteoarthritis [202]. 
Specific pathogenic variants in the branched chain keto acid dehydrogenase E1 subunit beta 
(BCKDHB) gene cause the fatal, inborn Maple Syrup Urine disease where patients are unable 
to breakdown process certain amino acids [203]. FASN, encoding for  fatty acid synthase was 
another one of the top associated variants (p=0.011), alterations to this gene is no surprise 
because overexpression of FASN has been associated with prostatic tumorigenesis [204]. The 
role of FASN in PCa has been studied extensively and has led to the development of therapeutic 
treatments that use compounds that inhibit FASN such as alpinumisoflavone [205] and orlistat 
[206].  

Of the nine significant PCa risk alleles identified in the case control study, only three of them 
were found to have deleterious or damaging potential by SIFT and/or PolyPhen. This includes 
the top associated rs2228063 (CA2), p=0.006. The role of carbonic anhydrase II (CA II) in PCa 
progression has not been extensively studied compared to the well-researched roles of carbonic 
anhydrases 4 and 7 (CA4 and CA7) [207 211]. CA2 encodes a tumour associated protein whose 
overexpression is associated with long non-coding RNAs [212]. The deleterious rs114864468 
variant in the D-2-hydroxyglutarate dehydrogenase (D2HGDH) gene affects the conversion of 

-ketoglutarate, impacting cancer progression [213]. D2HGDH overexpression 
boosts anti-tumour activity and immune response [213, 214]. The role of D2HGDH in cancer 
is conflicting as it serves as a biomarker in breast cancer [215], where higher expression 
correlates with malignancy but reduces malignancy risk in colorectal cancer [216]. It is also 
part of prognostic markers for head and neck squamous cell carcinoma (HNSCC) and ovarian 
cancer [217, 218]. The D2HGDH-GAL3ST2 fusion gene is more common in PCa, especially 
in African Americans, and silencing it reduces cell growth and motility [219]. 

The only variant that was both deleterious and damaging, rs114864468 (EHHADH), encodes 
for enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase, a member of the 3-
hydroxyacyl-CoA dehydrogenase family which plays a role in the fatty acid beta-oxidation 



 
 

pathway by catalyzing the degradation of long-chain dicarboxylic acids [220]. The functions 
of EHHADH in fatty acid metabolism can be performed by a similar enzyme HSD17B4, 
suggesting that EHHADH is redundant [221]. This has been supported by lack of defective 
phenotypes in EHHADH knockout mice. On the contrary, reduced expression of EHHADH is 
linked to reduced hepatocellular carcinoma (HCC) and bladder cancer progression, suggesting 
its potential as a therapeutic target [222]. EHHADH has been extensively studied in relation to 
liver cancer, resulting in the development of a risk assessment model for liver cancer prognosis 
[223 225]. In PCa, EHHADH was significantly overexpressed in immunohistochemical 
analyses, leading to the development of a four-gene diagnosis model [226]. 

Only eight out of 303 SNPs were significantly associated with high risk PCa and only two were 
deleterious and potentially damaging, rs6970605(INMT) and rs35097308(AOC3). 
Indolethylamine-N-methyltransferase (INMT) converts inositol into inositol monophosphate, a 
precursor of inositol triphosphate (IP3) that regulates calcium channels which regulate the 
activity of CPT1 and SREBPs [227]. In CRPC, INMT expression is elevated and linked to poor 
prognosis, promoting resistance via detoxification of anticancer metabolites [23]. Conversely, 
analysis of The Cancer Genome Atlas (TCGA) indicates that lower INMT levels in PCa are 
associated with worse clinical outcomes, suggesting that INMT may inhibit tumour progression 
by enhancing immune response [228] -hydroxybutyrate has been found to 
inhibit PCa malignancy by suppressing INMT -hydroxybutyrylation, 
reducing the stem-like characteristics of cancer cells [229]. The other deleterious variant 
rs35097308(AOC3) is highly associated with aggressive PCa, p=0.003. AOC3 encodes for 
amine oxidase copper-containing 3, also known as vascular adhesion protein-1 (VAP-1), which 
regulates uptake of long-chain fatty acids [230]. AOC3 is significantly downregulated in TGF-

-treated fibroblasts, making it a potential marker of colorectal cancer (CRC) progression 
[231]. Additionally, AOC3 has been identified as an autophagy-related biomarker with 
significant prognostic value in CRC, highlighting its role in the interplay of cell death pathways 
[223]. Low stromal AOC3 levels are linked to poor prognosis in breast cancer patients [233, 
234]. A risk model including AOC3 and three other genes (CDK6, COL22A1, and RNASE6) 
has shown remarkable prognostic value for survival rates and metastasis in osteosarcoma, 
suggesting its potential for therapy guidance [235].  

In addition to AOC3, the variants rs34441328 (ERP29) and rs2014355 (ACADS) were also 
highly associated with aggressive PCa in the high-risk vs low risk study, p=0.001 and p=0.002 
respectively. ERP29 is a novel endoplasmic reticulum  protein that plays a key role in protein 
unfolding and secretion [236]. Downregulation of ERP29 promotes metastasis and 
invasiveness of gastric cancer cells [237] while its upregulation inhibits metastasis of colorectal 
cancer [238]. In PCa, upregulating ERP29 using dihydrotestosterone, and the tumour 
suppressor EPI-001 may have anti-tumour properties. Acyl-CoA dehydrogenase short-chain 
(ACADS) is a key enzyme in the mitochondria [239]. It is involved in the initial steps of fatty 
acid beta-oxidation pathway. In cancer, ACADS has been downregulated in colorectal cancer 
[240] and Pancreatic ductal adenocarcinoma [241] but upregulated overexpressed in 
hepatocarcinoma [242]. The expression of ACADS is regulated by DNA methylation in 
colorectal cancer and in hepatocarcinoma, making it a potential therapeutic target [240, 242].  

While the analysis of common germline variants offers insight into inherited risk factors shared 
across populations, exploring rare germline variants allows for the identification of population-
specific or high-impact genetic contributors to PCa susceptibility. The inclusion of FAM genes 
in this study revealed 16 rare pathogenic variants, highlighting the potential significance of this 
pathway. In this study, 13 out of 16 (81.3%) patients harbouring rare pathogenic variants in 



 
 

these rare variants. Notably, the rare pathogenic variant rs62542743 in the AQP7 gene was the 
most prevalent, observed in 4.26% of the cohort. Both patients with this variant had high-risk 
PCa (ISUP = 5), with one patient exhibiting bony metastasis and the other distal visceral 
metastasis. These findings suggest that AQP7 could be a relevant addition to germline testing 
panels, although this variant was found only in patients of European descent. Aquaporins 
(AQPs), which facilitate the regulated transport of glycerol, are gaining attention as potential 
targets for anticancer therapies [243]. Several AQPs, including AQP4, AQP7, AQP8, AQP10, 
and AQP11, are overexpressed in both benign and malignant human prostate tissues at the 
transcript level [243]. A study by Kushwaha et al., (2023) suggests a positive association 
between these AQPs and the initiation, progression, and recurrence of PCa post-therapy [244]. 
Further research is needed to establish AQPs as prognostic biomarkers for PCa, but these initial 
findings highlight their potential as targets in both diagnostics and therapeutics [244, 245]. 

The rare P277L variant in the CPT2 gene was the only variant classified as pathogenic by both 
ClinVar and InterVar, highlighting the critical need for standardized methods to predict the 
pathogenicity of genetic variants. Another rare variant of CPT2, rs113493395, was found to 
have loss of function. CPT2 plays a key role in fatty acid oxidation (FAO), and a study by 
Zimmer et al., (2016) suggests that PCa cells may increasingly rely on CPT2 enzymes for 
growth when cyclin-dependent kinase 9 (CDK9) is inhibited [246]. This points to a potential 
therapeutic strategy that combines CPT2 inhibition with CDK9 inhibitors in treating PCa. 
Moreover, CPT2 expression has been reported to correlate significantly with poor prognosis 
and therapy resistance in PCa, suggesting that it could serve as a predictive biomarker [247, 
248]. Therefore, the distribution of CPT2 expression in cancer cells might be a valuable 
indicator for predicting therapeutic outcomes and guiding treatment strategies.  

Novel pathogenic variants were found in UGDH, ACADVL, ENO3, PDHB and ETFDH. 
ACADVL codes for very long-chain specific acyl-CoA dehydrogenase, an enzyme involved in 
long chain fatty acid oxidation. ACADVL is upregulated in aggressive PCa tumours [249, 250] 
and its upregulation is associated with reduced survival [251]. Enolase 3 (ENO3) plays an 
important role in glycolysis but unlike other enolases (ENO1 and ENO2), its role in PCa has 
not been studied. ENO3 was classified as an oncogene in colorectal cancer [252] and a tumour 
suppressor in hepatocellular carcinoma [253]. The same novel pathogenic variant in ENO3 was 
also identified in this study as a LoF variant, similar to a novel European variant in ETFDH 
that was also both pathogenic and had LoF. There were two variants in ETFDH, rs767795266 
from the African cohort and a novel variant from the European cohort. The electron-
transferring-flavoprotein dehydrogenase (ETFDH) has not been studied in oncology. The rare 
novel variant Y108C in UGDH was identified in a patient with high-risk PCa (ISUP=4) and an 
extraordinarily high PSA level of 130 ng/ml, which is significantly higher than the normal PSA 
level of 4 ng/ml. UGDH is involved in glucuronidation, a process that controls androgen levels 
in the prostate [254]. Overexpression of UGDH has been linked to increased androgen-
independent growth and CRPC, suggesting that UGDH could be a valuable biomarker and 
therapeutic target in advanced PCa [255, 256, 256]. The other novel variant was in PDHB, a 
gene that has been associated with cervical cancer progression [257] and has been identified as 
a biomarker for renal clear cell carcinoma [258] but with no associations to PCa.  

According to the NCCN, variants of uncertain significance (VUS) should not be used to inform 
clinical management [102]. However, as genomic databases grow, reclassification of VUS can 
refine patient diagnoses and precision therapies [259, 259]. In this study, VUS were further 
interrogated to identify oncogenic variants or variants with loss of function. Four oncogenic 



 
 

variants were identified in NBN, FH, SDHD and LDHA. NBN, a well-known DNA damage 
repair gene that codes for nibrin protein, is included in the NCCN Clinical Practice guidelines 
for germline testing panels for PCa [1 3]. Although germline alterations in NBN correlate with 
increased PCa progression [1], several studies evaluating the R215W variant in NBN conclude 
that there is no association with PCa [1 3] or breast cancer [1]. Both fumarate hydratase (FH) 
and succinate dehydrogenase (SDHD) act as a tumour suppressor by metabolizing fumarate 
and succinate respectively, whose accumulation leads to activation of hypoxia inducible factors 
(HIFs) - transcriptional factors that promote angiogenesis and tumour growth [1, 2]. At 
abnormal levels fumarate undergoes a post-translational modification called succination, 
providing a diagnostic marker for FH-deficiency and tumour progression [260]. In PCa, the 
natural compound alternol increases FH activity to inhibit tumour progression [1] and the 
oncoprotein TRIM25 downregulates the expression of FH [1]. The role of lactate 
dehydrogenase A (LDHA) in PCa is well studied, with several studies labelling it a potential 
target for PCa treatment [248, 261 263].  

In addition to pathogenic and oncogenic rare germline variants, this study also uncovered 16 
variants with predicted loss of function. CD36 harboured two rare loss-of-function (LoF) 
variants: rs571975065, which was exclusive to the African cohort, and rs397811824, which 
was the only variant shared across both cohorts. CD36 codes for a fatty acid transporter that is 
upregulated in PCa tumours. Its deletion slows down tumour progression [264]. Conversely, 
succinate CoA ligase (SUCLA2), which has a novel LoF variant, is downregulated in PCa [265] 
and it is associated with CRPC neuroendocrine progression [266]. Dysregulation of genes like 
SUCLA2 and LDHA involved in the TCA cycle affects the production of acetyl-CoA, the key 
building block for lipid synthesis [267]. The LoF variant, rs16902273, in DECR1 was present 
in 50% (4/8) of all European patients with LoF variants and interestingly, all patients with the 
variant presented with aggressive PCa (ISUP grade group = 5). 2,4-dienoyl-CoA reductase 
(DECR1), is involved in the oxidation of PUFAs [268]. Silencing or knockdown of DECR1 
inhibits PCa and CRPC progression  by promoting oxidative stress caused by accumulation of 
poly unsaturated fatty acids [268 270]. In the African cohort, the most prevalent LoF variant 
was rs200630484 in ECI1 found in 19.2% (5/26) patients with LoF variants, 60% of the 5 

-enoyl-CoA isomerase 1 (ECI1) overexpression is associated 
with increased PCa growth and increased risk of biochemical recurrence due to its role in 
unsaturated fatty acid oxidation [271].  

This study identified rare novel pathogenic variants in men of African-ancestry, similar to other 
studies, such as one conducted in Uganda on 651 PCa cases [272]. In the Ugandan cohort, rare 
pathogenic variants in , and the FAM gene were significantly 
associated with a high risk of aggressive disease, highlighting the potential significance of the 
FAM pathway genes in the African context. The differences in occurrence and frequency of 
rare germline variants across different ethnicities highlights the importance of sequencing 
efforts in genetically diverse populations. 

Building on the insights from rare germline variation, examining somatic mutations provides 
a comprehensive view of tumour-specific alterations that may interact with inherited 
predispositions to influence disease progression and disparity. The results of this study revealed 
that while African-derived tumours exhibited a higher mean TMB (1.218) compared to 
European-derived tumours (0.824), this difference was not statistically significant (p-value 
0.056). This suggests that although there may be a trend towards higher genomic instability in 
African tumours, further investigation with larger sample sizes may be necessary to draw 
definitive conclusions. African Americans have been reported to have a higher rate of somatic 



 
 

variants and unique variants in the PCa tumours as compared to Caucasians, further 
emphasizing the aggressiveness of PCa in men of African-ancestry [273]. Moreover, the 
identification of potentially damaging variants (PDVs) showed that both cohorts had low 
frequencies of PDVs, 0.9% in European-derived tumours and 0.5% in African-derived 
tumours, suggesting that the FAM pathway is highly conserved in PCa tumours. Notably, all 
patients that had PDVs had aggressive PCa characterized by high ISUP grades (3-5), 
highlighting the severity of PDVs in the FAM pathway. 

Five PDVs were identified from African-derived tumours, including variants in APEX1, 
MDH2, IL4I1, ADH1C, and FASN. The APEX1 gene is responsible for encoding 
apurinic/apyrimidinic endonuclease which functions primarily as an endogenous DNA repair 
enzyme but also inhibits lipid peroxidation, thereby promoting PCa tumour survival [274, 275]. 
Variants in the APEX1 gene, including R237C found in this study, were previously identified 
in 15% of endometrial tumours, suggesting a role in cancer susceptibility [276]. The R237C 
variant was associated with decreased endonuclease activity and reduced ability to interact with 
enzymes acting downstream of APEX1 in the base excision repair pathway, further supporting 
the role of APEX1 variants in cancer susceptibility [274]. On the contrary, a study by Illuzzi et 
al., (2017) [277] demonstrated that overexpression of the R237C variant in a mouse cell line 
did not affect proliferation or cellular transformation, undermining its function as a cancer 
driver. The R237C variant has not been previously associated with PCa but other variants in 
APEX1 including rs1130409 and rs1760944 have been associated with the development of PCa 
(Chen et al., 2016; Gong et al., 2021). Additionally, APEX1 was shown to be upregulated in 
PCa tumours, making it a potential prognostic marker [281].  

Another gene that has been previously associated with PCa is MDH2, encoding malate 
dehydrogenase 2. MDH2 is involved in lipid synthesis and glutamine metabolism in the Krebs 
cycle. Several proteomics and genomics studies have demonstrated that MDH2 is a potential 
biomarker for prognosis and diagnosis of PCa [282 284]. MDH2 is significantly overexpressed 
in CRPC [285],  and PCa patients with MDH1 overexpression experienced a shorter period of 
relapse-free survival after chemotherapy and surgery [286]. Due to these findings, anticancer 
drugs and treatments targeting MDH1 are being developed, including gene silencing which 
increases docetaxel sensitivity [286] and alternol treatment [287]. Although IL4I1 has not been 
exclusively studied in PCa, pan-cancer studies have shown that the gene is highly expressed in 
various tumours, including PCa tumours, suggesting a role in cancer development [288, 289]. 
A study by mention Author(s) [288] has revealed that patients with increased IL4I1 expression 
are potentially resistant to treatment with docetaxel [21]. This includes a variant in the 
interleukin-4 inducible 1 (IL4I1) gene, an L-amino acid oxidase that hinders T-cell 
proliferation [290] and promotes accumulation of palmitate and triglyceride [291]. Similarly, 
the ADH1C gene has not been extensively studied in PCa, especially compared to other alcohol 
dehydrogenases ADHs such as ADH1B and ADH7 however it has been found to be expressed 
in PCa tumours at low levels [292].  

Interestingly, a variant of the most altered gene in the somatic tumours, FASN rs45507397, was 
identified in the case-control study as one of the variants most associated with PCa (figure 11). 
This variant was exclusive to African-derived tumours, further highlighting the potential 
implications of FAM in Southern African PCa. Due to its significant role in long chain 
saturated fatty acid synthesis, FASN is currently a therapeutic target in multiple ongoing drug 
trials [293]. FASN is already a well-known PCa prognostic marker as several studies have 
proven it to overexpressed in PCa tumours [204, 294, 295].  



 
 

In the European cohort, three novel PDVs in HAO2, REEP6, and METAP1 were identified. 
The association between these genes and PCa is understudied. Hydroxyacid oxidase 2 (HAO2) 
has been extensively studied as a biomarker for prognosis of HCC because of its 
downregulation in HCC tumours [296, 297]. The role of HAO2 in PCa has not been evaluated 
except for one study which found HAO2 to be highly expressed in a high-risk PCa group [298]. 
In one study, receptor accessory protein 6 (REEP6) was upregulated in mouse PCa models 
[299] and in another REEP6 was predicted to regulate expression of CXCR4 [300], a 
chemokine receptor whose overexpression in PCa is linked to prostate tumour metastasis [301].  
REEP6 regulates the cAMP-PKA signalling pathway in adipocytes [302]. The other PDV was 
found in METAP1. Several anticancer drugs that target methionine aminopeptidase 1 
(METAP1) are continuously being developed and tested, including fumagillin [303], ovalicin 
[304], flurbiprofen-thioester [305] and tezosentan [306]. METAP1 has several functions 
including angiogenesis, protein maturation, and regulating lipid metabolism[305]. The loss of 
function variant in FMO1 from the European-derived cohort is another novel PDV found in 
this study. FMO1, flavin containing dimethylaniline monooxygenase 1, metabolizes a variety 
of xenobiotics [307] and has been reported to be upregulated in mice after castration  [308]. 
The identification of these PDVs in European-derived tumours suggests that they may have a 
role to play in PCa development and progression. 

In this study, the sample size and number of SNPs analysed were relatively small, particularly 
for the tumour normal WGS cohort, which reduced the statistical power to detect associations 

laxed threshold of 0.05 
was therefore used; however, no correction for multiple testing was applied because the small 
dataset made stringent corrections overly conservative, increasing the risk of missing true 
associations. This approach increases the risk of false positives, especially for common SNP 
associations. The limited representation of African genomes in public databases further 
constrained rare variant interpretation, potentially leading to misclassification. Other 
limitations include lack of clinical outcome data for the African cohort, and possible biases 
such as selection bias in the SAPCS cohort or sequencing artefacts. Together, these constraints 
reduce the robustness, interpretability, and generalizability of the findings. As such, results 
should be interpreted with caution, and future validation in larger, well-annotated African 
cohorts is critical to confirm these associations. 

 

 

  



 
 

CHAPTER 6: CONCLUSION AND FUTURE WORK 

Prostate cancer disproportionately affects men of Southern African ancestry, who often 
experience more aggressive disease and poorer outcomes. This study investigated the FAM 

s, aiming 
to identify ancestry-specific genetic factors contributing to aggressive PCa. The study 
identified nine common germline variants significantly associated with prostate cancer, and 
eight linked specifically to high-risk disease. These variants may serve as the basis for 
developing polygenic risk scores tailored to Southern African men, offering potential 
improvements in early detection and risk stratification. In addition to common variants, fifteen 
rare pathogenic variants were detected, including novel damaging variants in PDHB, UGDH, 
ENO3, and ACADVL identified in the South African cohort. The observation that most 
individuals with these rare damaging variants presented with high-risk PCa highlights their 
potential role in disease severity and reinforces the importance of rare variant screening in 
African populations. Further interrogation of variants of uncertain significance uncovered four 
potentially oncogenic variants in FH, SDHD, LDHA, and NBN, highlighting the potential need 
for reclassification of these variants. Additionally, the tumour-derived FASN variant 
rs45507397, which ranked among the top associated variants in the case-control analysis, may 
have functional significance in African prostate tumours due to FASN's known role in lipid 
biosynthesis and tumour progression.  

This study confirms the central hypothesis that men of Southern African ancestry harbour 
significant deleterious alterations in the FAM pathway, evidenced by elevated tumour 
mutational burden and a greater number of damaging variants across common germline, rare 
pathogenic, and somatic mutation classes. By integrating these variant types, the work reveals 
the FAM pathway as a recurrently disrupted molecular driver of prostate cancer aggressiveness 
in this population. Importantly, this represents the first comprehensive FAM-focused genetic 
study in Southern African men, filling a critical gap in African prostate cancer genomics. The 
findings have significant clinical implications for improving risk prediction, guiding biomarker 
development, and informing targeted therapies tailored to African populations, thereby 
advancing health equity and precision oncology. 

Future work includes associating physical features such as body mass index, resting heart rate, 
blood pressure, and cholesterol with PCa risk to better understand how systemic metabolic 
health influences cancer development and progression. These factors may serve as accessible 
clinical biomarkers or targets for prevention strategies. Additionally, a a larger multi-country 
African cohort from Namibia, Kenya, South Africa, and Nigeria will be included and the gene 
list will be expanded to increase statistical power and capture a more comprehensive view of 
genetic contributors to PCa, particularly in FAM. Serum-based lipidomic analysis will also be 
performed, which could uncover metabolic signatures or dysregulated lipid pathways 
associated with tumour biology, offering potential for novel diagnostic or therapeutic insights. 
This future work will be funded by the HEROIC Prostate Cancer Precision Health (PCaPH) 
Africa1K Project. Consortium efforts like H3Africa and PCaPH are invaluable for advancing 
genomic research in Africa by promoting data sharing, capacity building, and increased 
statistical power to better understand genetic diversity and disease susceptibility.  
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